It has been a common problem in optical see-through head-mounted displays that the displayed image lacks brightness and contrast compared with the direct view of a real-world scene. This problem is aggravated in head-mounted projection displays in which multiple beam splitting and low retroreflectance of a typical retroreflective projection screen yield low luminous transfer efficiency. To address this problem, we recently proposed a polarized head-mounted projection display (p-HMPD) design where the polarization states of the light are deliberately manipulated to maximize the luminous transfer efficiency. We report the design of a compact p-HMPD prototype system using a pair of high-resolution ferroelectric liquid-crystal-on-silicon (FLCOS) microdisplays. In addition to higher resolution, the FLCOS displays have much higher optical efficiency than a transmissive-type liquid crystal display (LCD) and help to further improve the overall light efficiency and image quality. We detail the design of a compact illumination unit for the FLCOS microdisplay, also commonly referred to as the light engine, and a projection lens, both of which are key parts of the p-HMPD system. The performances of the light engine and projection lens are analyzed in detail. Finally, we present the design of a compact p-HMPD prototype using the custom-designed light engine and projection optics.
Introduction
Head-mounted projection displays (HMPDs), as an alternative to conventional eyepiece-based headmounted displays (HMDs), have attracted much interest in recent years, offering the capability of designing wide-field-of-view (FOV), low distortion, and ergonomically compact optical see-through HMDs. This technology was pioneered by Fisher, who first demonstrated the combination of projection optics and a retroreflective screen for a biocular HMD construction [1] . Fergason extended the biocular concept to binocular displays [2] , while Kijima and Ojika demonstrated the first head-mounted prototype implemented from off-the-shelf components [3] . HMPD technology has evolved significantly since these pioneering efforts.
Hua and Rolland investigated the engineering challenges in developing a fully custom-designed system and studied the imaging properties of retroreflective materials and their effects on image quality [4, 5] . They also designed the first wide-FOV, low-distortion, and lightweight optics for HMPD systems, using advanced optical design technology such as diffractive optical elements, aspheric surfaces, and plastic material [6] , which led to the success of custom-designed compact prototypes [7] . Along with advancements of the technology, a wide range of visualization applications, from object-oriented and visual-haptic displays [8, 9] , medical visualization [10] , and optical camouflage [11] to multiuser collaborative display environments [12] [13] [14] , have been developed.
Like most optical see-through HMDs, however, one of the limiting factors for the HMPD technology is its low image brightness and contrast, reducing the feasibility of applying such information displays outdoors or in well-lit indoor environments such as operating rooms. The overall luminous efficiency of an HMPD is around 4% because of the multiple beam splitting through a beam splitter and low retroreflectance of typical retroreflective materials. For instance, with a miniature backlit active matrix liquid crystal display (AMLCD) as the image source, the luminance of the observed image of an HMPD is estimated to be 4 cd=m 2 , while the average luminance of a well-lit indoor environment is over 100 cd=m 2 . As a result, the low-brightness image of HMPDs will appear washed out in such well-lit environments. In fact, most optical see-through HMDs, including HMPD, typically have to be operated under dimmed lighting conditions.
To address this problem, a polarized HMPD (p-HMPD) was proposed [15] , and a prototype based on a pair of transmissive AMLCDs was recently designed [16] . By carefully manipulation of the polarization states of the light propagating through the system, a p-HMPD can potentially be three times brighter than a traditional nonpolarized HMPD design using the same microdisplay technologies. A schematic design of a monocular p-HMPD configuration is illustrated in Fig. 1 . The image on a microdisplay is projected through the projection lens, forming a real intermediate image. The light from the microdisplay is manipulated to be S polarized so that its polarization direction is matched with the high-reflection axis of the polarized beam splitter (PBS). After the projected light is reflected by the PBS, it is retroreflected back to the same PBS by a retroreflective screen. The depolarization index of the retroreflective screen is less than 10% for incidence angles within AE20°and is less than 23% for angles up to AE28° [17] . As a result, the retroreflected light remains predominantly unvarying in polarization relative to its incidence light. To achieve high transmission through the PBS after the light is retroreflected back, a quarter-wave retarder is placed between the PBS and the retroreflective screen. By passing through the quarter-wave retarder twice, the incident S-polarized light is converted to P polarization and transmitted through the PBS with high efficiency. Thus the projected image from the microdisplay can be then observed at the exit pupil of the system where the eye is placed.
However, since a transmissive AMLCD microdisplay has a low transmission efficiency of around 5%, the overall performance of the first p-HMPD prototype is still unsatisfactory in a well-lit environment [16] . Furthermore, owing to its inherent low pixel fill factor, a transmissive AMLCD microdisplay typically has a relatively low resolution. To achieve higher image brightness and higher image quality, we have designed a new p-HMPD prototype using a pair of ferroelectric liquid-crystal-on-silicon (FLCOS) microdisplays (Forth Dimension Displays Limited). Unlike the transmissive backlit LCD, the FLCOS microdisplay operates in a reflective mode and has much higher luminous efficiency, typically around 60%. On the other hand, such reflective displays typically have a narrow acceptance angle for the incident light and require an illumination unit, commonly referred to as the light engine, to illuminate the microdisplay. As a result, both the light engine and the projection lens are required to be image-space telecentric, which imposes new challenges on the overall design of a compact system. In this paper, we present the designs of a compact light engine and a projection lens based on the FLCOS microdisplay with a detailed analysis of the performance of both elements. We will also demonstrate a compact prototype of the new p-HMPD.
System Design Requirements
In our previous HMPD prototypes, a pair of 1:3 in: backlit color AMLCDs were used as the image sources, and these microdisplays have a resolution of ð640 × 3Þ × 480 pixels. In the design of a new p-HMPD prototype, we attempted to explore available microdisplay technologies that offer higher resolution, more compact packaging, and higher luminance output. By comparing the major properties of several candidate microdisplay technologies, including AMLCD, organic light emitting displays, liquid crystal on silicon (LCOS), and FLCOS [18] , we elected to use the SXGA-R2D FLCOS microdisplay kit by Forth Dimensional Displays Limited because of its high resolution, optical efficiency, and compactness. The major specifications of the microdisplay are summarized in Table 1 .
The use of FLCOS microdisplays makes the optical design of a p-HMPD system substantially different from those of previous HMPD prototypes [6, 16] . One of the key differences is the necessity of a more complex, custom-designed front illumination unit to illuminate the FLCOS microdisplay due to its reflective nature. Furthermore, the FLCOS display is considered the combination of a mirror and an electrically switchable quarter-wave retarder formed by the liquid crystal layers. It operates most efficiently when the illumination rays are normally incident upon the display surface. To ensure the high contrast of an output image, it is recommended that the incident angle be limited to a range of AE16° [19] , which imposes a critical constraint on the design of both the light engine and the projection lens. The fundamental requirements for the illumination unit include that (1) the illumination system be imagespace telecentric to ensure that for every pixel on the display surface the incident chief ray is normal to the display surface and that (2) the cone angle of the ray bundle be smaller than 16°.
Owing to the reflective nature of the FLCOS microdisplays, the output ray bundles from every pixel of the microdisplay will be telecentric, and a cone angle will be smaller than 16°. To efficiently collect rays from the microdisplay and form a projected image with high uniformity and contrast, it is required that the projection lens be image-space telecentric. In contrast, for a projection system using backlit AMLCDs, which have a relatively large viewing angle and thus a relaxed requirement on the angle of incidence ray bundles, the telecentric constraint can be relaxed to gain compactness [6, 16] .
Design of a Compact Light Engine

A. Light Source
The design of a head-mounted system sets several constraints on the light source selection and the light engine design. First, safety is a primary concern in any head-mounted device. Therefore sources with low power consumption and low heat dissipation are highly desired. Second, compactness and light weight are always critical for HMD systems. Finally, in order to generate an image with high brightness and uniformity across the whole FOV, the illumination on the microdisplay should be uniform and bright. With these guidelines, a 0:5 in: Alphalight color LED illuminator by Teledyne Inc. was selected for our p-HMPD prototype design. The Alphalight illuminator is composed of a diffusive reflecting cavity, three LEDs with red, green, and blue colors, and brightness enhancement film [20] . The light emitted from the LEDs is diffusively reflected multiple times within the cavity so that the output appears to be uniformly blended white light with low spatial variations across the three colors. The illuminator is compatibly driven by a color sequential technique used in the FLCOS displays. The major specifications of the illuminator are summarized in Table 1 .
B. Schematic Design of Light Engine
The luminance distribution of the Alphalight LED illuminator is relatively uniform; the luminance is highest in the normal direction of the panel and drops by about 17% at an 18°emitting angle [21] . Figure 2 shows the schematic design of the light engine, which meets the requirements for image-space telecentricity, compactness, high efficiency, and uniformity. The LED illuminator is placed at the focal point of a concave reflector. To achieve compactness, a PBS is used to fold the optical path in half with the microdisplay placed conjugatedly at the focal point of the reflector. A polarizer is placed in front of the LED panel so that S-polarized light is reflected by the PBS toward the reflector. A quarter-wave retarder is placed between the reflector and PBS, and its fast axis is set at a 45°angle with the S-polarized light. By passing through the retarder twice, the light reflected by the reflector becomes P-polarized and is transmitted through the PBS to illuminate the microdisplay with high efficiency. A FLCOS microdisplay functions as a quarter wave retarder, and thus the reflected P-polarized light from the microdisplay becomes S-polarized. This light is then reflected toward the projection lens by the PBS.
In this design, the LED panel is set as the stop of the system to form an image-space telecentric system, and the ray bundle received by the display is symmetric with the normal direction of the display surface. With both the source and the microdisplay at the focal point of the reflector, the light distribution on the microdisplay is the Fourier transform of that of the LED. Therefore, the spatial distribution on the microdisplay can be derived by 
where E display ðx; yÞ is the illuminance at a ðx; yÞ position on the display, L LED ðθÞ is the luminance distribution of the LED panel as a function of emitting angles, S LED is the area of the LED panel, and f is the focal length of the reflector. It is assumed that the center of the display is at the origin and the normal of the display is aligned with the optical axis. With this Fourier transform arrangement, we anticipate some level of nonuniformity of the illuminance across the display panel. The ratio of the illuminance at the center of the display to that at the edge is L LED ð0 ∘ Þ=L LED ðarctanðD=2f ÞÞ, where D is the diagonal size of the display. To achieve high uniformity on the display, a reflector with a longer focal length is preferred. A longer focal length, however, will compromise compactness and luminance efficiency resulting from a smaller solid angle. Considering these trade-off factors, we select a reflector with a 35 mm focal length and 35 mm diameter. As a result, the light within an 18°cone angle emitted by the LED panel is collected by the reflector to illuminate the display, while the light at larger angles is wasted. The cone angle of the ray bundle incident on the display is well constrained within 8:6°, while the ratio of the maximum luminance to the minimum luminance on the display is 1∶0:83.
To compensate for the anticipated nonuniformity and further improve the uniformity and the efficiency of the light engine, we designed a mirrorbased tapered light pipe to recycle the light with emission angles larger than 18°and homogenize the light distribution across the display panel. Figure 3 (a) shows a prototype design of the light pipe assembled with the LED panel, and Fig. 3(b) illustrates its schematic design. The light pipe is composed of four mirrors, each of which is tilted by an angle α relative to the LED surface, forming a truncated pyramid shape. The rays emitted from the LED panel with large angles are reflected by the enclosed mirror, many of which can be collected by the reflector in Fig. 2 and illuminate the microdisplay. Both the tilt angle α and the length t of the mirrors, as shown in Fig. 3(b) , need to be optimized to maximize the uniformity and efficiency of the light engine.
C. Simulation and Optimization
To obtain the optimal configurations for the abovementioned parameters of the tapered light pipe and to examine the light efficiency and uniformity of the light engine, we modeled the light engine by using LightTools [22] . In the simulation, the total power of the source was set to be 1 lm. A light receiver was placed on the microdisplay to estimate the efficiency of the light engine and to evaluate the light distribution on the microdisplay. Through an iterative simulation process, we found that the light engine has the best uniformity and light efficiency when the mirror tilt angle α is at 18°. By balancing the performance and space constraint of the light engine, the mirror length t was selected to be 8 mm. Figure 4 shows the output illuminance distribution on the microdisplay when we combined the design in Fig. 2 with the tapered light pipe at the optimal angle and length. As indicated by the simulation results, the light efficiency of the light engine integrated with the tapered light pipe increased from 8.93% to 12.3%, and the nonuniformity, quantified by the average standard deviation of the illuminance distribution across the display area, was reduced from 5.61% to 2.15%.
Design of a Compact, High-Performance Projection Lens
Based on the design of a light engine, a lightweight and compact image-space telecentric projection lens was designed. In this section, we describe the design process of the projection system.
A. Lens Specifications
The size of a projection lens does not scale as much as eyepiece-type optics with the increase of FOV; thus it is relatively easier to design wide-FOV, optical seethrough HMPD systems than conventional HMDs. There are still several factors that impose limits on the FOV of HMPD systems. First, the use of a planar PBS or a regular beam splitter oriented at 45°to the optical axis ( Fig. 1) sets the FOV upper limit to 90°. Second, a wide FOV requires a large-sized PBS and retarder, which consequently challenge the compactness and light weight of the display system. The limit of allowable PBS and retarder dimensions is set by the interpupillary distance, which is in the range of 55 to 75 mm for over 95% of the population. Third, previous investigations of retroreflective materials show that the retroreflectance of currently available materials drops off significantly for light incident at angles beyond AE35° [5] . A FOV beyond 70°will inevitably cause a vignettinglike effect and compromise image uniformity. Finally, the angular resolution of the display degrades with the increase of the FOV. Taking these factors into account, we aim to design a projection system with a 55°FOV, which corresponds to an effective focal length (EFL) of 21:6 mm for the selected FLCOS microdisplays.
In addition to the requirement for image-space telecentricity, the projection lens requires a large back focal length (BFL) to ensure enough space for a PBS, which is placed between the microdisplay and projection lens (Fig. 2) . Based on the light engine design described in Section 3, the BFL is chosen to be at least 30:5 mm. Thus this projection lens is also a reverse telephoto lens.
Because of the pupil-forming nature of an HMPD system where the entrance pupil of the projection lens is optically conjugate to the pupil of the eye, a large entrance pupil in the projection lens is very critical for comfortable viewing. It is suggested that the entrance pupil diameter of the projection system for HMPDs should typically be at least 10-12 mm [6, 16] . This range of pupil size allows an eye swivel of about AE21°up to AE26:5°within the eye socket without causing vignetting or loss of image for a typical 3 mm eye pupil under the lighting conditions provided by HMPDs. Furthermore, it allows a AE5 to AE6 mm interpupillary distance tolerance for different users without the need to mechanically adjust the interpupillary distance of the binocular optics.
Considering the short focal length of the optics, the diameter of the entrance pupil was set to be at least 10 mm, which leads to a projection system with an f -number of 2.16. The specifications of the projection system are summarized in Table 2 .
B. Starting Point
After initial trials of optimization from several patented lenses, we selected a U.S. patented lens by Norihiro Nanba [23] as a starting point. This lens, designed for a digital projector, meets our requirements for reverse-telephoto and telecentricity properties. Unlike a typical double Gauss lens, the lens system has an asymmetric structure relative to the stop because of the telecentric requirement in the image space. This five-element system offers a full FOV of 65°with an f -number of 2.5. Among the five glass elements, a doublet is used to correct chromatic aberration, and the front surface of the last element is aspheric to help correct spherical aberration. The ratio of the BFL to the EFL of the lens is 1.13, and the ratio of the overall length (OAL) of the optics to the EFL is 3.15. The ratio of the exit pupil distance to the EFL is 13.6, which makes the system telecentric in the image space. After scaling the lens and several cycles of optimization with CODE V [22] , we obtained a starting lens system with a 21:1 mm EFL, 30 mm BFL, 68 mm OAL, and 55°full FOV, as shown in Fig 5(a) . As indicated in Fig. 5(b) , the MTF of the lens is around 30% at the spatial frequency of 37 cycles=mm, which corresponds to the spatial resolution of the FLCOS microdisplay and it is acceptable as a starting point for the design.
C. Optimization Process
Because of the rotational symmetry of the system, optimization is necessary only over half of the full FOV in the radial direction. Five visual fields, 0, 0.2, 0.5, 0.7, and 1 (i.e., on axis and 7°, 14°, 21°, and 27:5°, respectively) were selected in the optimization process to represent the half-FOV. The weights for these five fields were adjusted accordingly during the optimization process to balance the modulation transfer function (MTF) performances across the entire FOV. Three representative wavelengths, 486, 589, and 656 nm, were set with the weights of 1, 2, and 1, respectively. During the optimization, all the surface curvatures, the surface thickness, and the coefficients of aspheric surfaces were set to be variables. Several constraints were set to satisfy the specifications of the overall system and each individual lens, including the EFL, BFL, OAL, distortion requirements, and center thickness of individual elements. The telecentric requirement was satisfied by setting the exit pupil distance to be at least 210 mm from the image plane. This distance corresponds to a deviation of the chief ray by 3°from a perfectly telecentric system, which yields a good balance between the overall optical performance and the system compactness, considering the difficulty in designing a perfectly telecentric lens with a short OAL. One of the major problems of the lens in Fig. 5(a) is its compactness: the OAL is too large for a head-mounted system. A more compact solution is needed. This initial system was gradually optimized by adjusting the parameter constraints and field weights through a local optimization approach. While the OAL was reduced to about 40 mm in the process of optimization, the overall performance was degraded as well. To further improve its performance, the back surface of the first lens was set to be aspheric, which helped to correct most of the spherical aberration. After gradual optimization, a system with satisfying performance was obtained. The lens layout and MTFare shown in Fig. 6 . This lens system is composed of five glass elements and weighs about 38:7 g, which needs to be significantly reduced to obtain a lightweight p-HMPD system.
Considering that the density of glass is typically three times that of most plastic materials, we used plastic materials to replace the glass elements with the expectation that the weight of the lens would drop to around 10 g. The drawback of using plastic materials rather than glass is that only a very limited number of plastic materials are available for diamond turning fabrication, while a much wider range of glass options can be chosen for aberration balancing. The initial goal was to replace the large aperture glass elements on the right-hand side of the stop with plastics, as those elements contributed the most weight. Two plastics, polystyrene with a low Abbe number and cyclic olefin copolymer with a relatively high Abbe number, were selected to replace the glass materials of the doublet. Cyclic olefin copolymer was selected for the last element because it has the highest optical power among all the elements in the lens group and a high Abbe number. After a few trials of optimization, it became evident that chromatic aberration dominates the resulting system.
To effectively correct the residual chromatic aberration, we decided to introduce a diffractive optical element (DOE) to the system. A DOE can be viewed as a material with large dispersion but opposite in sign to conventional materials (i.e., the Abbe number of a DOE is approximately −3:5 for the visible spectrum). The DOE replaced the functionality of a doublet for correcting chromatic aberration. The substrate shape of a diffractive surface can be spherical or aspheric. The commonly used orders of diffraction are 0, −1, or 1, and the þ1 order of diffraction was adopted in this system. After a few trials, it was found that the most effective aberration correction was achieved with the DOE placed on the left-hand surface of the last element. The DOE quadratic coefficient was constrained so that the DOE surface was not too curved for fabrication concerns, and other coefficients were set to be variable upto12ordersintheoptimizationprocess.Afterfinding a well-performing design through optimization, we replaced the first two glass elements on the left of the stop with acrylic and polystyrene, respectively, to further reduce the lens weight. Considering the higher fabrication cost of a doublet, we further split the doublet into two single elements, which offered extra freedom in the optimization and helped improve the overall performance. Finally, through several rounds of optimization, a telecentric lens was obtained with an OAL of 34 mm and a total weight of 8:2 g. Figure 7 shows the layout of the final design of the projection lens.
Projection Lens Performance Analysis
A. Diffractive Optical Element Efficiency
The diffraction efficiency of a DOE drops as its physical features become finer near the edge. Figure 8(a) shows the diffraction efficiency as a function of the radius of the diffractive surface at the designed wavelength of 550 nm. The overall efficiency varies from 98.7% at the center to 98.5% at the edge. The diffraction efficiency is also wavelength dependent. Figure 8 (b) plots the diffraction efficiency as a function of wavelength as well as the level of binary masks (i.e., 2, 4, 8, 16) . A 16-level binary mask yields an accurate approximation for the kinoform DOE produced through a diamond turning fabrication method. The plot shows that the diffraction efficiency varies from 80% to 100% across the visible spectrum.
B. System Performance in the Microdisplay Space
The optical performance of the optimized lens is assessed on the image plane at the five representative field angles for the three design wavelengths. The spot diagrams are shown in Fig. 9(a) . The average root mean square spot diameter across the FOV is around 16 μm, which is slightly larger than the 13:6 μm pixel size to avoid pixelated artifacts. Both the tangential and sagittal ray fans across the five fields are plotted in Fig. 9(b) , which demonstrates very low residual aberrations. Figure 9 (c) shows the longitudinal spherical aberration, astigmatism, and distortion curves. The longitudinal spherical aberration and astigmatism are well balanced, and the distortion of the system is less than 4% across the FOV. The MTF of the lens is presented in Fig. 9(d) . The FLCOS display has a threshold spatial frequency of 37 cycles=mm given a 13:6 μm pixel size. The modulation is about 40% at 37 cycles=mm across the whole FOV, which means that the performance of the system is currently limited by the display resolution.
C. Tolerance Analysis
The diamond turning method was selected for the lens fabrication rather than the molding approach. Taking into account the cost and the fabrication capability of a typical single-point diamond turning process, the manufacturing errors were set as shown in Table 3 . The image distance was set as the compen- sator, and the MTF performance was used as the merit function in the tolerance process. Figure 10 shows the cumulative probability plot of the MTF at 37 cycles=mm based on the manufacturing error in Table 3 . The plot suggests that the MTF degradation at a given 97.7% cumulative probability is −2:95%, −1:64%, −2:34%, −7:89%, and −8:69% at the five representative angles from 0°to 27:5°, which is acceptable for our system. Figure 10(b) shows the prototype of the projection lens.
p-HMPD Prototype
Based on the designs of the light engine and projection lens, a p-HMPD prototype was further developed. Considering both ergonomic and aesthetic factors, we mounted the optics vertically to ensure that the width of the helmet was around the average width of an adult head. Figure 11(a) shows the overall optical layout of the system. In the vertical direction, the optics are mounted according to the shape factor of the head, and the associated electronics are mounted on the top of the helmet. A major drawback of the vertical mount is that the ghost view directly reflected from the ground by the PBS is overlaid with the projected image, which leads to reduced image contrast. This problem, however, can be solved by blocking the optical path from the ground.
To make the system more compact and lighter, the mount of the light engine with the microdisplays was fabricated separately and then integrated with the shell as a whole. The lens position relative to the microdisplay is adjustable to obtain the projected image with adjustable magnification. The helmet shells were fabricated by using rapid prototyping techniques, in which physical models were fabricated layer by layer directly from 3D computer-aided design models. The helmet shells were assembled and attached to an off-the-shelf headband that offers head-size adjustment. The front and side views of the prototype are shown in Fig. 11 (b) and 11(c), respectively.
Summary and Future Work
In this paper, we have designed a p-HMPD system using FLCOS microdisplays. We presented the designs of the key elements of the system including the light engine and projection lens. The performances of both designs were analyzed in detail. Compared with a previous system using transmissive LCD, both the brightness and the image quality of the new system have been improved considerably. We also demonstrated the design of a compact prototype. In future work, we will study the imaging properties of the retroreflective material and examine how the material characteristic affects overall image quality of the p-HMPD.
